Abstract An atmospheric-pressure dielectric barrier discharge (DBD) gas-liquid cold plasma was employed to synthesize Cu-doped TiO2 nanoparticles in an aqueous solution with the assistance of [C2MIM]BF4 ionic liquid (IL) and using air as the working gas. The influences of the discharge voltage, IL and the amount of copper nitrite were investigated. X-ray diffraction, N2 adsorption-desorption measurements and UV-Vis spectroscopy were adopted to characterize the samples. The results showed that the specific surface area of TiO2 was promoted with Cu-doping (from 57.6 m 2 ·g −1 to 106.2 m 2 ·g −1 with 3% Cu-doping), and the content of anatase was increased. Besides, the band gap energy of TiO2 with Cu-doping decreased according to the UV-Vis spectroscopy test. The 3%Cu-IL-TiO2 samples showed the highest efficiency in degrading methylene blue (MB) dye solutions under simulated sunlight with an apparent rate constant of 0.0223 min −1 , which was 1.2 times higher than that of non-doped samples. According to the characterization results, the reasons for the high photocatalytic activity were discussed.
Introduction
Titanium dioxide has been widely investigated due to its potential applications in photoelectrochemistry and photocatalysis, especially in the degradation of organic pollutants in water and air. However, owing to its large band gap energy values (3.2 eV for anatase TiO 2 ), TiO 2 requires ultraviolet (UV) light to function properly. Thus many transition metal elements, including Cr, Fe, Ni, Zn, Co, and Cu have been used as dopants to prepare doping TiO 2 photocatalysts that can be activated by sunlight [1−3] . Specifically, copper has been commonly used as the dopant to decrease the band gap energy of TiO 2 [4] . For example, Slamet et al. [5] obtained a band gap energy of 2.73 eV (3 wt.% Cu); Lopez et al. [6] reported a value of the band gap energy of 2.81 eV (5 wt.% Cu); and Colon et al. [7] obtained a value of the band gap energy of 3.00 eV (1 wt.% Cu). On the other hand, the photocatalytic activity of TiO 2 is also greatly influenced by its crystal structure, crystallite size, crystallinity, surface area and porosity, as well as the intensity of the incident light [8] .
Due to its advantageous properties, such as an extremely low vapor pressure, high heat capacity and chemical stability [9, 10] , ionic liquids (ILs) have been used for the synthesis of inorganic materials. Liu et al. [11] reported a hydrothermal method using a kind of ionic liquid (1-hexadecane-3-methylimidazolium bromide, [C 16 MIM]Br) as the template for synthesizing mesostructured CeO 2 -TiO 2 nanoparticles. The obtained CeO 2 -TiO 2 materials exhibit a large specific surface area and uniform pore sizes. Zheng et al. [12] prepared rutile-anatase composite TiO 2 nanoparticles via hydrolyzing of titanium tetrachloride in hydrochloric acid with an IL-assisted method.
On the other hand, there has been much experimental evidence of the synergistic effect of the anatase and rutile phases as a benefit for reducing the recombination of photogenerated electrons and holes, which usually results in an enhancement of the photocatalytic activity [13−18] . Consequently, a large number of methods have been reported for the preparation of mixed-phase TiO 2 , such as sol-gel, chemical deposition, and the hydrothermal method [19−21] . However, these methods are complicated, consume toxic chemical reagents, and require quantities of energy and time. Therefore, it is essential to develop a fast, simple, and environmentally friendly method to fabricate mixed-phase TiO 2 .
Compared with conventional methods, the cold plasma method is an environmentally friendly, simple, and energy-efficient method for preparing nanomaterials with the assistance of ILs [22−24] . For example, Wei et al. [22] synthesized gold nanoparticles in 1-butyl-3-methylimidazolium tetrafluoroborate ([C 4 MIM]BF 4 ) ionic liquid by cold plasma at subatmospheric pressure. Kulbe et al. [23] reported on the reaction of CuCl and CuCl 2 , both dissolved in 1-butyl-3-methylimidazoliumdicyanamide ([C 4 MIM]dca), with a glow-discharge argon plasma. The interaction of the plasma with the solutions exhibits a strong reaction with gas evolution and the growth of copper nanoparticles. The mean diameter of the copper particles produced in CuCl-[C 4 MIM]dca and CuCl 2 -[C 4 MIM]dca was of the same order of magnitude (between 2 nm and 10 nm). All these reports indicate that the gas-liquid cold plasma is efficient for the preparation of nanoparticles. However, there has been no report on preparing nanomaterials by atmospheric-pressure cold plasma under the interaction between gas and ionic liquids.
Dielectric barrier discharge (DBD) is a simple and easily operated approach for generating atmosphericpressure cold plasma, and it has been used to prepare supported metal catalysts [24, 25] . In the study reported here, 1-ethyl-3-methylimidazolium tetrafluoroborate ([C 2 MIM]BF 4 ) ionic liquid was introduced into the atmospheric-pressure DBD gas-liquid cold plasma and a stable gas-liquid discharge interface was obtained by using air as the working gas. After adding the Ti and Cu precursor into the discharge system, mixed-phase Cu-IL-TiO 2 was prepared for the first time. 
Catalyst preparation
The preparation process was similar to our previous work [26] . Firstly, 10 g of The schematic diagram of the atmospheric-pressure DBD gas-liquid cold plasma device for preparing x%Cu-IL-TiO 2 photocatalysts in open air was described in a previous work [26] . A quartz reaction cell (60 mm in diameter) was placed between the highvoltage electrode and the ground electrode, both of which were made of stainless steel (50 mm in diameter). Both of the two quartz dielectrics were 1 mm thick. The discharge gap was 4 mm. The plasma treatment was conducted by applying a sinusoidal high voltage at a frequency of 14.2 kHz with a CTP-2000K power source (Nanjing Suman Electronic Co. Ltd, China).
Catalyst characterization
The Cu-doped TiO 2 samples were characterized by powder X-ray diffraction (XRD) on an X-ray diffractometer (DX-2700, Dandong Haoyuan, China) at 40 kV and 30 mA for Cu K α1 radiation (λ = 1.54178Å). The pore size (D p ) distributions, Brunauer-EmmettTeller (BET) surface areas (S BET ), and pore volumes (V p ) were measured by nitrogen adsorption and desorption using a gas sorption analyzer (NOVA 2200e, Quantachrome Corp., USA). Prior to the adsorption analysis, the samples were outgassed at 200 o C for 5 h in the degassing port of the analyzer. The UV-Vis DRS spectra of the Cu-IL-TiO 2 samples were measured by a UV-Vis spectrophotometer (Varian Cary 100, USA) with a BaSO 4 plate as the reference.
Evaluation of photocatalytic activity
The photocatalytic activity of the mixed-phase Cu-IL-TiO 2 samples was tested based on the degradation of a methylene blue (MB) dye solution using a 300 W Xe lamp. Detailed information about the photocatalytic activity test can be found in our previous work [27] . In brief, the photocatalytic reaction was carried out with 0.1 g catalyst suspended in 100 mL of a MB solution (10 mg·L −1 ) in a Pyrex glass cell. The solution was stirred in the dark for 30 min to obtain a good dispersion and established the adsorption-desorption equilibrium between the MB molecules and the catalyst surface. At given time intervals, the slurry samples including the photocatalysts and MB were centrifuged and the solution was analyzed with a UV-visible spectrometer (721 Spectrophotometer, Shanghai Jinghua Group Co., Ltd, China). Since a good linear relationship between the concentration and the absorption of MB was obtained at the wavelength of 665 nm, the MB degradation η is defined as
where c 0 is the initial concentration of MB (mg·L −1 ) and c is the concentration of MB (mg·L −1 ) at a certain time.
3 Results and discussion o . It clearly reveals that the intensities of the diffraction peaks of anatase and rutile increase first and then decrease with the increase in discharge voltage, and the TiO 2 samples prepared at 35 kV exhibit the highest crystallinity. This phenomenon may be illustrated as follows. With the increase in discharge voltage, more energy is imposed and high crystallinity TiO 2 is obtained. However, since the discharge in the DBD gas-liquid cold plasma under an air environment at atmospheric pressure is non-uniform, the input energy is imposed only on a certain part of the solution. When the discharge voltage is too high, the TiO 2 nanoparticles formed in the solution will lead directly to the low mobility of the Ti precursor, and low crystallinity TiO 2 is prepared.
To further investigate the effect, the phase content of the samples is calculated from the integrated intensities of the anatase and rutile peaks. For example, the weight fraction of rutile (W R ) is calculated from the following equation [28] :
where I A and I R represent the integrated intensities of the anatase (101) and the rutile (110) peaks, respectively. The result shows that the ratio of anatase against rutile is 7 : 3 at the discharge voltage of 35 kV. However, researchers have shown that TiO 2 materials have a better photocatalytic activity when the ratio ranges from 6 : 4 to 8 : 2 [13−18] , therefore it is vital to augment the weight fraction of anatase within a mixed phase to activate TiO 2 materials. 
Effect of the amount of Cu on Cu-
IL-TiO 2 samples' crystalline phase composition and pore structure Fig. 2 shows the XRD patterns of TiO 2 samples, including original ones without IL, as well as Cu-IL-TiO 2 samples. It reveals that IL-TiO 2 samples own a higher intensity of anatase than that of rutile compared with TiO 2 samples prepared without the assistance of IL by atmospheric-pressure cold plasma with a voltage of 35 kV. This indicates that IL is beneficial to the formation of anatase. Interestingly, no diffraction peaks of Cu species were detected among the samples, which may be due to the fact that the doping amount of copper is too low, or that Cu atoms are highly distributed in the TiO 2 lattice. The N 2 adsorption-desorption isotherms and pore size distributions of the mixed-phase TiO 2 doping with different amounts of Cu are shown in Fig. 3 . All of the samples show type IV isotherms according to the IUPAC classification and have an H3 hysteresis loop, which is representative of a non-uniform mesoporous structure. All mixed-phase TiO 2 samples doping with Cu exhibit a larger specific surface area (S BET ) than those without dopants, which makes them better in contaminant adsorption. In order to get insight into the influence of IL and Cu-doping, several parameters of the x%Cu-IL-TiO 2 samples, including the weight fraction, crystallite size, pore volume, pore diameter, specific surface area and band gap energy are summarized in Table 1 . The average particle sizes of anatase and rutile are calculated according to the Scherrer equation:
where d is the crystallite size, λ is the wavelength of Xray radiation, K is the constant usually taken as 0.89, β is the peak width at half-maximum height, and θ is the diffraction angle. According to Eq. (2), the weight fraction of anatase is increased from 30.0% to 60.5% with the assistance of IL. This may be attributed to the high conductivity of IL. With the addition of IL, the conductivity of the solution is increased and an enhanced discharge is obtained at the same voltage. This may lead directly to a faster reaction process, which will hinder the formation of stable rutile and more anatase TiO 2 nanoparticles will be formed. The influence of IL has been discussed in detail in our previous work [26] . From Table 1 , we can also see that the size of the rutile nanoparticles is increased with an increasing amount of copper nitrate. The appearance of this phenomenon is consistent with the change of anatase fraction (the weight fraction of anatase increased first and then decreased). With the adding of copper nitrite, the conductivity of the solution was further increased and the reaction process became so fast that less aggregation of the nanoparticles occurred, and the crystallite size of rutile was the smallest for the 1%Cu-IL-TiO 2 among all the samples. However, when excessive copper nitrite was added, the discharge was so strong that more rutile TiO 2 nanoparticles would be formed, and the stay of the Ti precursor in the strong discharge channel facilitated the aggregation of the rutile nanoparticles. As a result of the changes of weight fractions and crystallites sizes of anatase and rutile, the S BET of the samples increased first and then kept nearly constant with the increase in copper nitrite.
Optical responses of the Cu-doped mixed-phase TiO 2 catalyst
The doping of Cu obviously affects the light absorption characteristics of the TiO 2 , as observed from the results of the UV-Vis spectra, shown in Fig. 4(a) . To further explore the effect of the amount of dopants on the absorption edge, the direct band gap energy can be estimated from a plot of (hνα) 2 versus the photo energy (hν) (Fig. 4(b) ). The relationship between the absorption coefficient (α) and photon energy (hν) can be written as α =B d (hν − Eg) 1/2 /hν, where B d is the absorption constants for direct transitions [29] . The intercept of the tangent to the plot will give a good approximation of the direct band gap energies of the samples. The band gap energies of the TiO 2 samples before and after doping are shown in Table 1 . For the as-prepared TiO 2 powders without dopants, the direct band gap energy is 3.20 eV. With the amount of dopants increasing, the direct band gap energies of x%Cu-IL-TiO 2 samples decrease. The different band gap energies might be attributed to the difference in the surface microstructure, composition and phase structure in the TiO 2 samples [29] . Furthermore, the narrow band gap energy means a wider response range of the x%Cu-IL-TiO 2 samples, and the samples may absorb more photons. This may contribute to an enhanced photocatalytic activity. To further investigate the photocatalytic activities of the x%Cu-IL-TiO 2 samples, MB photodegradation under sunlight over the samples is performed. To further investigate the photocatalytic activity of the x%Cu-IL-TiO 2 samples, MB photodegradation under simulated sunlight over the samples is performed. Fig. 5 reveals the effect of the content of doping Cu on the photocatalytic activity of anatase-rutile mixed TiO 2 samples. As shown in Fig. 5(a) , MB photodegradation over x%Cu-ILTiO 2 samples is higher than that without Cu-doping, and the highest photocatalytic activity is obtained when the doping Cu accounts for 3%.
From another perspective, the degradation of MB in this study is a pseudo-first-order reaction, as proved by the plot of ln(c 0 /c) of the samples against the irradiation time (Fig. 5(b) ). Specifically, the apparent rate constants (k) values of IL-TiO 2 , 1%Cu-ILTiO 2 , 3%Cu-IL-TiO 2 and 5%Cu-IL-TiO 2 samples, as shows in Fig. 5(c) The influence of Cu on the photocatalytic activity of mixed-phase TiO 2 samples may be explained as follows. Firstly, copper within TiO 2 would form dopant levels and the utilization rate of photons will thus be promoted when doping with the optimal amount of Cu. A lower amount of dopants may reduce the quantity of potential wells, which can capture the electron-hole, as a result, the separation of photogenerated electron-hole may not perform effectively. On the other hand, doping with excessive Cu may decrease the photocatalytic activity of TiO 2 , since the gap between potential wells may be reduced and consequently makes it easier for electrons and holes to recombine [30] . Therefore, our study shows an optimal amount of doping Cu, namely 3%, based on which the samples demonstrate a high MB photodegradation activity.
The influence of the mixed-phase on the photocatalytic activity of TiO 2 may be illustrated as follows. The photocatalytic activity of TiO 2 with a mixed phase is superior to single phase TiO 2 , for that band bending happens on the interface of anatase and rutile phase because of their different band gaps, TiO 2 will form photogenerated electrons and holes when motivated by light, and those formed electrons may transfer from rutile to anatase, while holes transfer in the opposite way.
Consequently, these accelerate the separation of photogenerated electrons and holes [31] . As discussed above, under the motivation of copper combined with mixed-phase TiO 2 structure, the recombination of electrons and holes is restrained and the transition of the charge carrier is enhanced, which leads to a high photocatalytic activity for 3%Cu-IL-TiO 2 .
Conclusion
TiO 2 materials doped with different amounts of Cu (Cu-IL-TiO 2 ) were successfully prepared with the assistance of ionic liquid by atmospheric-pressure DBD cold plasma in open air, and the influences of discharge voltage, IL and Cu-doping on its structure and photocatalytic activity were studied. The results showed that Cu-IL-TiO 2 samples had a higher content of anatase and a larger specific surface area, and when the doping Cu accounted for 3%, the S BET value reached the maximum. UV-Vis spectra test showed that the band gap energy values of Cu-IL-TiO 2 samples were effectively decreased. Furthermore, the photocatalytic degradation studies showed that 3%Cu-IL-TiO 2 samples exhibited the highest MB photodegradation activity, which was attributed to the fact that 3%Cu-IL-TiO 2 has an appropriate Cu-doping amount and anatase-to-rutile ratio, as well as a higher S BET value.
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